Abstract. Temperate grassy woodlands were once the dominant vegetation across many agricultural regions of south-eastern Australia, but most of these are now highly degraded and fragmented. Adequate conservation of these woodlands is dependent on successful ecological restoration; however, ecological barriers often limit ecosystem recovery once degrading processes are removed. To help identify these barriers, we used a state and transition framework to compare topsoils of little-disturbed (reference) and variously degraded remnants of grassy Eucalyptus albens Benth. and E. melliodora Cunn. ex Schauer woodlands. Topsoils of degraded remnants showed a repeated pattern, with the most compacted, most acidic and most depleted topsoils occurring in remnants dominated by Aristida ramosa R.Br. macra and Austrostipa bigeniculata topsoils. The most striking exception to these trends was for soil nitrate, which was extremely low in all reference topsoils and showed a high correlation with annual exotic abundance. We discuss the potential for positive feedbacks between soil nitrogen cycling and understorey composition and the need for intervention to assist possible nitrate-dependent transitions between annual and perennial understorey states. Dominant grasses, trees and annual weed abundance may be useful indicators of soil conditions and could inform selection of target sites, species and techniques for restoration projects.
Introduction
Ecological restoration is increasingly important for the conservation of degraded ecological communities. Achievement of restoration goals is usually dependent on removal of degrading processes, but this alone is often insufficient for ecosystem recovery (Hobbs and Norton 1996) . One prevailing model describes restoration as a more-or-less ordered and gradual change along a desired ecological trajectory. Under this model, restoration accelerates or re-initiates successional processes to direct changes in the system towards a desired state (Luken 1990; Aronsen et al. 1993) . A second model (the state and transition approach) suggests that multiple successional pathways are possible and that different meta-stable states can exist under similar environmental conditions. Transitions between states may be rapid and reversing degradation can be dependent on overcoming ecological thresholds or barriers through management inputs (Westoby et al. 1989; Drake 1990; Hobbs and Norton 1996; Yates and Hobbs 1997) .
The widespread clearing and degradation of temperate eucalypt woodlands for conversion to agricultural land has led to one of the most pressing needs for ecological restoration in Australia. It has resulted in the collapse of ecosystem processes, leading to levels of salinity, soil erosion and tree dieback that now threaten the very land uses for which the woodlands were cleared. As well, the loss of temperate eucalypt woodlands has led to local, regional and global extinctions of flora and fauna and the survival of many of the woodland communities is now threatened (Martin and Metcalfe 1998; Hobbs and Yates 1999) .
Grassy woodlands dominated by white box (Eucalyptus albens), yellow box (E. melliodora) and red gum (E. blakelyi) (grassy white and yellow box woodlands) typify the woodland predicament. These woodlands once dominated millions of hectares along the eastern edge of the wheat-sheep belt in south-eastern Australia, but owing to their occurrence on high-quality agricultural country they have been extensively cleared for cropping, or degraded through livestock grazing or other practices. Little-modified remnants are now extremely rare (Prober and Thiele 1995) and the woodlands have been listed as an endangered ecological community in New South Wales (as white box, yellow box, Blakely's red gum woodland under the NSW Threatened Species Conservation Act 1995), the Australian Capital Territory (as yellow box and red gum woodland under the Nature Conservation Act 1980) and nationally (as grassy white box woodlands under the Environment Protection and Biodiversity Conservation Act 1999).
Degradation of grassy woodlands has involved a range of processes including fragmentation, nutrient enrichment and soil disturbance associated with land clearing, livestock grazing, cropping and fertiliser addition. These have led to weed invasion, reduced native-plant diversity, changes to the dominant grasses in the understorey and losses of associated fauna. Understorey changes in grassy white and yellow box woodlands typically include a loss of the original dominant understorey grasses (Themeda australis and Poa sieberiana), initial replacement by other native perennial grasses (particularly Bothriochloa macra, Austrodanthonia, Austrostipa and Aristida species) and eventual dominance by exotic grasses under greater levels of disturbance or enrichment (C. Moore 1953; R. Moore 1967; Lodge and Whalley 1989; Prober and Thiele 1995) .
With so little of these woodlands remaining in pre-European condition, woodland restoration at site and landscape scales is an important component of strategies to conserve the woodland ecosystems, their species and the landscapes they occur in. While tree planting can potentially re-establish the dominant trees across the landscape, restoration of the understorey is proving difficult to achieve, often with only limited improvements occurring after removal of livestock grazing (Windsor 1998; Allcock et al. 1999; Spooner et al. 2002) . Allcock et al. (1999) developed a simple state and transition model for grassy white box woodlands, proposing that ecological thresholds limit the recovery of degraded sites. The absence of propagules of many native species, including dominant grasses, appears to be one major barrier to woodland restoration (Lunt 1997; Yates and Hobbs 1997) .
Changes in soil conditions can also pose major impediments to ecological recovery of degraded sites (Yates and Hobbs 1997) . Nutrient enrichment has been associated with weed invasion in grassy woodlands (Moore 1967 (Moore , 1993 Hobbs and Atkins 1991) and physical changes to soils (compaction, erosion, reduced moisture infiltration) are important limits to recruitment of native plants in some ecological communities (Braunack and Walker 1985; Graetz and Tongway 1986; Yates et al. 2000) . Several studies have documented the effects of grazing and soil disturbance on botanical composition in grassy white box, yellow box and related woodlands (e.g. Moore 1953; McIntyre and Lavorel 1994; Prober and Thiele 1995) . However, less information is available on associated changes in the underlying soil resources (e.g. Moore 1967; Yates et al. 2000) .
In this study, we used a state and transition framework to compare physical and chemical properties of topsoils of rare, little-disturbed remnants of grassy white and yellow box woodlands with topsoils of remnants in five different states of degradation. We show that soil characteristics differ amongst different degradation states, reflecting the impacts of past management on both vegetation and soils; and hypothesise that some of these changes, particularly soil nitrate enrichment, may limit ecosystem recovery.
Methods

Sampling strategy
Ten rarely grazed remnants of grassy woodland from the South or Central Western Slopes of New South Wales, originally dominated by either white or yellow box, and from a range of lithological types were selected as indicators of pre-European soil conditions (Table 1) . Soils and floristic composition of these reference sites are described in greater detail in Prober et al. (2002) . A range of variously degraded remnants was selected for comparison with these reference sites. As implied by the state and transition approach, degrading processes can result in a variety of degraded states, depending on the type and extent of the degrading process (Hobbs and Norton 1996) . Previous studies (e.g. C. Moore 1953; R. Moore 1967; Whalley et al. 1978; Lodge and Whalley 1989; Prober and Thiele 1995) and field observations led us to identify seven woodland understorey states, based on dominant understorey grasses (Fig. 1) . Other states exist (particularly improved pastures and states dominated by introduced perennial grasses) but these were beyond the scope of the study.
State 1 is characteristic of reference sites, with Themeda australis generally predominating in open areas and Poa sieberiana more abundant beneath trees. These sites have a relatively high native-species richness and low weed abundance (Prober et al. 2002) . At the other end of the spectrum, States 6 and 7 have understoreys dominated by exotic annual weeds, with very low perennial cover and native richness. State 6 is typical of disturbed sites and areas beneath trees in grazed paddocks and is characterised by the robust annuals Avena barbata or A. fatua, Lolium rigidum and Bromus diandrus, with lesser amounts of Bromus molliformis and Echium plantagineum. State 7 (stock camps, not sampled for this study) has a high abundance of Hordeum leporinum, Urtica urens and thistles. States 3-5 (understoreys dominated by the native perennial grasses, Austrodanthonia spp. and Austrostipa scabra, Bothriochloa macra or Austrostipa bigeniculata) were regarded as possible transitional states between the reference and annual-weed states. These three states have a limited range of other native species and a variable component of exotic annuals and are common on roadsides, travelling stock reserves and lightly grazed paddocks. State 2 (dominated by Aristida ramosa, usually with low native species richness and low to moderate cover of exotic annuals) may be partly independent of the main transition, being characteristic of moderately to heavily grazed sites on poor, light soils. Sites supporting intermediate mixtures and mosaics of the various states are common, but we attempted to sample the more characteristic forms of States 1-6 (reference, four mixed annual-perennial and annual weed sites, Table 1 ).
To account for geographical and lithological variation, we stratified our sampling of degraded remnants around each of the reference sites, seeking to sample each understorey state in close proximity to each reference site and on the same lithology. As some understorey states did not occur close to some reference sites, it was not possible to achieve a fully balanced experimental design; however, a mean of 8.8 (minimum five) sites were sampled for each of understorey States 1-6 (Table 1) . In general, degraded remnants were sampled from a similar topographic position to and within 500 m (up to several kilometres) of their reference sites.
Trees in grassy white and yellow box woodlands have significant effects on topsoil properties (Prober et. al. 2002) . Thus, in addition to sampling a range of understorey states, we sampled from both beneath and between tree canopies within three of the understorey states (reference, Austrodanthonia-Austrostipa scabra, annual exotics). For other understorey states, open areas only were sampled. In total, we sampled 53 plots from nine understorey state and canopy combinations ( Table 1) .
The management history of degraded remnants was variable (Table 1 ). Most had experienced some level of grazing by livestock, but this varied from intermittent grazing along roadsides or in travelling stock reserves, to set-stocking at relatively light levels in farm paddocks. Four annual weed samples from beneath trees were situated within little-grazed cemeteries, but had probably suffered some level of soil disturbance or enrichment due to rabbit and kangaroo grazing, nutrient run-on or cemetery operations. Several sites had been ploughed or had superphosphate added in the past, but ploughing was always >20 years ago and superphosphate addition >7 years ago.
Soil sampling
Soils were sampled from plots subjectively located within each understorey state. Standard plots were 10 × 10 m, but occasionally it was necessary to change the shape or reduce the size of the plot because of local site constraints. Sample plots were always more than 1 m from fence lines and areas with recent soil disturbance or abundant fresh manure were avoided.
Thirty 2-cm-diameter soil cores down to 10-cm depth were collected in a grid pattern across each plot during a 10-day period from May to June 2001 (cores were placed at least 2 cm away from any perennial grass tussock). Some rain had fallen over the region earlier in the month, but conditions were relatively dry for late autumn. Samples were stored on ice in sealed plastic bags to minimise ongoing soil reactions in the field, then sent overnight to the Victorian State Chemistry Laboratories for analysis.
Samples for each plot were thoroughly mixed, air dried at 40°C and ground to pass through a 2-mm sieve. Analyses were undertaken on each bulked sample as follows (where given, method numbers apply to Rayment and Higginson 1992) : field texture (McDonald et al. 1990) , gravel (>2 mm, % by volume), pH (1:5 soil:0.01 M CaCl 2 , 4B2), electrical conductivity (1:5 soil:water extract, 3A1), total carbon (induction furnace, 6B3, without correction for carbonates; visual carbonates were negligible), total nitrogen (modified Dumas method, LECO Corporation 1995), nitrate and ammonium (2 M KCl, 7C2 but with cadmium column reduction), available phosphorus (Olsen's bicarbonate extractable, 9C2), available sulfur (calcium phosphate extractable by ICP-AES, 10B3, with addition of charcoal to remove organic sulfur) and exchangeable cations (calcium, magnesium, sodium, potassium; ammonium acetate extractable, 15D3). The following variables were calculated or estimated from these measurements: clay content (%, mid-point of texture classes, McDonald et al. 1990) , salinity (electrical conductivity adjusted for clay content, Shaw 1999), available potassium (Skene estimation, based on ammonium acetate extractable potassium) and sum of basic cations (calcium + magnesium + sodium + potassium). Given the close relationships between electrical conductivity and salinity, and exchangeable and available potassium, only the latter of each pair is presented, although trends were similar for each. In addition, soil surface compaction was measured at 30 random positions in each plot, using a calibrated 0-5 MPa pocket penetrometer (6.4-mm needle diameter). Bulk density was estimated by weighing soil (dried at 105°C) from each of five soil cores (50-mm diameter and depth) per plot and dividing by the volume of each core. Mean values of soil surface compaction and bulk density were calculated for each plot.
Total percentage cover of annual exotics was visually estimated for each plot in spring 2001 and abundance of each exotic species was estimated by allocating visual abundance scores (1 = rare, 2 = uncommon, 3 = moderate, 4 = common, 5 = very common, following Prober and Thiele 1995) . Taxonomy follows Harden (1990 Harden ( -1993 and Wheeler et al. (2002) .
Data analysis
For each soil parameter, general linear regression was used to perform non-orthogonal analysis of variance of the 10 block (site) × 9 treatment (understorey state and tree cover combination) design. If this simple model showed significant treatment effects, the treatments were partitioned to determine separately the significance of understorey states, trees and their interaction.
For each soil property that showed a significant overall effect, treatment means adjusted for site differences were calculated and compared graphically and by using post-hoc tests (Fisher's protected least significant differences, Steel and Torrie 1981) . For the few cases where the effect of trees was not significant, post-hoc comparisons were made across means averaged over tree-cover classes; for other variables, comparisons were made across all understorey state and tree cover combinations. Note that the least significant differences only provide a rough guide as to the significance of each comparison, as the high number of comparisons made is likely to lead to some erroneous inferences.
To assist with interpreting adjusted means, it is also important to refer back to our non-orthogonal sampling design. Most sampling gaps were due to the absence of a particular understorey state in close proximity to the reference site, rather than the absence of that state on the relevant soil type. However, one understorey state (Aristida ramosa) could only be found on poorer (sedimentary, acid volcanic and granite) soil types and could not be sampled from any of the richer, volcanic soils. Adjusting means to account for variation between sites assumes that Aristida ramosa could also occur on the richer soil types, hence could artificially reduce differences between Aristida ramosa and other plots. Thus, our estimates of differences between Aristida ramosa and other plots are likely to be conservative.
Regression analyses were performed using GenStat for Windows (GenStat 2000) and data were log-transformed before analysis where appropriate. Pearson's correlations between the cover of annual exotics and all soil parameters were also calculated. Variables with a high correlation were used to order sites and exotic species in two-way tables, to indicate changes in exotic species composition associated with these variables.
Results
Overall effects of understorey states and trees
Both site (block) and treatment (understorey state and tree combination) showed highly significant (P < 0.001) effects for nearly all soil parameters measured. Exceptions were a lack of significant treatment effects for ammonium and estimated clay content. The absence of treatment effects for clay content suggests that the different understorey states were unlikely to reflect major variations in topsoil texture; however, more detailed particle size analysis would be required to detect more subtle differences. In addition, gravel content, available sulfur and exchangeable sodium were not analysed, owing to frequently undetectable levels (gravel was often <5%, available sulfur <3 mg kg -1 and sodium <0.05 meq per 100 g).
Partitioning of significant treatment effects into understorey state and tree components indicated highly significant (P < 0.01) differences among understorey states for all relevant soil properties (see below). Trees were also significantly associated with many soil properties (Fig. 2) . Total nitrogen, potassium, exchangeable calcium, exchangeable magnesium, sum of basic cations, pH and salinity were significantly higher and bulk density was significantly lower beneath trees (P < 0.01), with no significant interaction between trees and understorey states. Available phosphorus and total carbon were also generally higher beneath trees, but the interaction between trees and understorey state was significant (P < 0.05). For total carbon, the effect of trees was in the same direction for each of the three understorey states compared, but the magnitude of the difference was greater for samples dominated by annual exotics than for samples dominated by AustrodanthoniaAustrostipa scabra or reference samples [a similar effect may occur for total nitrogen, exchangeable calcium, sum of basic cations, pH and salinity, where the interaction was approaching significance (P < 0.1)]. For available phosphorus, concentrations were higher beneath trees for reference and annual exotic samples but lower beneath trees for Austrodanthonia-Austrostipa scabra samples. The latter was largely due to one atypically high phosphorus value (8 mg kg -1 ) for one sample from an open site, combined with low sample sizes. If this anomalous value is excluded, the unadjusted mean phosphorus for open sites is 2.3 mg kg -1 , compared with 2.7 mg kg -1 for topsoils beneath trees. There were no significant relationships between trees and soil nitrate or surface compaction.
Comparisons among understorey states
Further examination of relationships among understorey states and soil properties showed some striking trends (Fig. 2) . A repeated pattern for degraded remnants was for Aristida ramosa and Austrodanthonia-Austrostipa scabra to occur on the poorest topsoils (i.e. the most depleted in nutrients, most acidic and most compacted), for annual exotics to predominate on the least compacted and most nutrient-rich topsoils and for Bothriochloa macra and Austrostipa bigeniculata to occur at intermediate sites. Topsoils from Austrodanthonia-Austrostipa scabra plots beneath trees were generally more fertile than those from the open sites, and consequently occurred in varying positions along this gradient. Two exceptions to these general trends were for exchangeable magnesium and pH. For both of these, the effect of trees appeared to override effects of understorey state, so that topsoils in open areas supporting annual exotics were more similar to Bothriochloa macra and Austrostipa bigeniculata topsoils than they were to topsoils beneath trees.
The position of samples from reference sites along the gradient from poorer to richer soils is of particular interest. Notably, reference topsoils from beneath trees (supporting Poa sieberiana) were similar to topsoils supporting annual exotics (particularly in open areas) for most soil properties, including available phosphorus, total carbon, exchangeable calcium, sum of basic cations, pH, salinity, soil surface compaction and bulk density (Fig. 2) .
By contrast, chemical properties of reference topsoils from open areas (supporting Themeda australis) were often intermediate and were similar to Bothriochloa macra and Austrostipa bigeniculata topsoils for total nitrogen, potassium, total carbon, exchangeable calcium, sum of basic cations and pH. Mean available phosphorus was lower in Themeda australis topsoils than in any others, but differences between these and other topsoils from open sites (except annual exotics) were minimal and not significant (Fig. 2) . Physical properties of Themeda australis topsoils approached those of topsoils supporting Poa sieberiana or annual exotics (i.e. they were less compacted than soils from degraded sites dominated by native perennials).
The most striking exception to the above trends was for soil nitrate (Fig. 2) . Topsoils from both Poa sieberiana and Themeda australis plots had the lowest mean nitrate levels of all samples (<1 mg kg -1 ) and differences were significant (P < 0.01) between these and all other topsoils, except for Aristida ramosa. Total nitrogen and potassium were the only other properties for which topsoils supporting annual exotics (from both open areas and beneath trees) exceeded those supporting Poa sieberiana. For both of these, concentrations in Poa sieberiana topsoils were only marginally lower than in topsoils supporting annual exotics in open areas and these differences were not significant (P > 0.05, Fig. 2 ).
Correlations with exotic annuals
Almost all measured soil properties correlated significantly with the cover of exotic annuals across all understorey states, indicating a general increase in exotic cover with soil fertility (Table 2 ). The correlation was high for soil nitrate (Fig. 3a) , but was relatively weak for the remaining soil properties, including available phosphorus (Fig. 3b) .
Composition as well as abundance of exotic species appeared to vary with soil nitrate (Table 3) . Since the soil nitrate gradient is highly correlated with disturbance history, we cannot assume that all species patterns along this gradient are a direct result of differences in soil nitrate. Rather, 
Discussion
Interpretation of soil patterns
Our results indicate that significant soil changes are associated with processes of degradation in grassy white and yellow box woodlands. Interpreting these patterns depends on understanding potential cause-and-effect relationships among management, soils, understorey composition and trees (Fig. 4) . While our data do not indicate the direction of cause and effect in these relationships, it is important to identify causal relationships to determine which soil patterns may limit or enhance understorey restoration. We concentrate in our discussion on influences of soil on understorey composition, especially as influenced by management (Fig. 4) , as these are of greatest interest regarding soil-related barriers to woodland restoration. Influences of understorey composition and trees on soil attributes are also relevant, as they may enhance or limit restoration efforts.
Influence of trees on soil properties
Topsoils beneath trees were generally higher in nutrients, less acid and better aerated than topsoils in open areas within their respective understorey states and these effects were largely consistent across the three understorey states compared. Higher nutrient concentrations beneath trees concur with a range of other studies and are usually attributed to biological processes associated with trees (e.g. concentration of nutrients through extensive or deep root systems), rather than pre-existing heterogeneity favouring their establishment (Attiwill and Leeper 1987; Hastwell 2001; Prober et al. 2002) . These results extend our earlier studies in grassy white and yellow box woodlands to a number of degraded remnant types. Possible mechanisms and implications for the effects of trees are discussed further in Prober et al. (2002) .
Importantly, the influence of trees on topsoil properties has implications for interpreting soil patterns among understorey states and emphasises the need to stratify on the presence or absence of trees in comparative soil studies. In particular, topsoils from within the same understorey state This in turn implies that these soil properties are not critical determinants of understorey state or exotic cover. For example, if these properties determined exotic abundance we would expect to see more exotics beneath trees than was observed at reference sites. It remains possible, however, that other effects of trees, such as shading or reduced soil moisture, interact with these soil properties to influence floristic composition.
Soil nitrate
The most notable difference between topsoils of reference and degraded remnants was for soil nitrate. Nitrate declined proportionately with annual exotic cover (Fig. 3a ) and was extremely low on reference topsoils (mean 0.81 mg kg -1 ). Nitrate is considered to be the form of nitrogen most readily available in soils (Harmsen and Kolenbrander 1965) and differences between understorey states for other nitrogen measures were less pronounced (total nitrogen) or not significant (ammonium). Values for soil nitrate need to be assessed in the context of fluctuations with season and rainfall events, which can be considerable (Jones and Woodmansee 1979) . Our measurements were taken during a precipitation-free period in late autumn, thus measurements should be comparable across sites and indicative of the relative amounts of nitrogen available at the time of germination and establishment of annual exotic weeds.
Higher concentrations of available nitrogen in topsoils beneath annual than perennial vegetation are consistent with earlier studies (Moore 1967; Redente 1991, 1992; Yates et al. 2000) and diminishing concentrations of available nitrogen are commonly associated with the change from early to late-seral species during secondary succession (Parrish and Bazzaz 1982; McLendon and Redente 1992) . This pattern is likely to result both from the influence of available nitrogen on vegetation composition, as well as the effect of vegetation on nitrogen supply, implying potential for positive or negative feedbacks between soil nitrogen cycling and vegetation composition (Vitousek 1982; Wedin and Tilman 1990) . Under conditions of high nitrogen availability, annual species are generally favoured over perennials, owing to their faster potential growth rates and rapid use of soil resources (Chapin 1980; Parrish and Bazzaz 1982; Redente 1991, 1992) . Conversely, if nutrients become limiting, growth of species with high potential growth rates is usually reduced more than that of species with low potential growth rates (Chapin 1980; Garnier et al. 1989) . Perennial grasses are often highly efficient in nitrate use at low nitrate concentrations (Muller and Garnier 1990) .
At the same time, perennial grasses can maintain low soil nitrate concentrations, while annual systems often promote seasonal periods of high nitrate supply. Perennials translocate nutrients from senescing to living tissues, thereby capturing nitrogen within their biomass and creating low-nitrogen litter that mineralises slowly. Perennials also have more extensive root systems, with potential for higher nutrient uptake throughout the year (Harmsen and Kolenbrander 1965; Wedin and Tilman 1990; McLendon and Redente 1992; Redente et al. 1992) . In annual grasslands, by contrast, soil nitrate concentrations decline over the growing season due to plant uptake, then increase over dormant periods when organic matter of dead annuals is re-incorporated into the soil and there is little nitrogen uptake by plants. Nitrate concentrations fluctuate in response to rainfall events over the dormant period, but by the beginning of the next growth cycle there is usually a sufficient nitrate peak to promote rapid growth of newly germinating annuals (Harmsen and Kolenbrander 1965; Moore 1967 Moore , 1993 Jones and Woodmansee 1979; Jackson et al. 1988) .
Such positive feedbacks between soil nitrogen cycling and understorey composition may thus be important in enhancing the stability of different vegetation states in grassy white and yellow box woodlands. Low nitrate concentrations maintained in the Themeda australis-Poa sieberiana system are likely to provide resistance to weed invasion, as has been observed in small remnants dominated by these species (Prober and Thiele 1995; Morgan 1998) . Increases in soil nitrate may act as a trigger to promote annual species and in turn, the annuals may perpetuate autumn nitrate peaks that are critical for their own competitive establishment. Initial increases in soil nitrate may occur through a number of processes, including nutrient run-on from adjoining paddocks and soil disturbance by grazing stock, cultivation or other means (Moore 1993; Wijesuriya and Hocking 1999) .
A critical question is whether positive feedbacks between annuals and soil nitrogen cycling are sufficient to inhibit transitions back to the original state, or whether they simply slow the rate of these transitions. In some ecological communities, the feedback loop is not sufficient to maintain an annual system and full ecological recovery is achieved as perennials gradually re-establish and soil nitrate concentrations decline during succession (McLendon and Redente 1991) . However, a return to low annual abundance does not always occur (e.g. Billings 1990; Eliason and Allen 1997) . Studies of changes in soil nitrate concentrations beneath paddock white box trees after exclosure detected a decline in soil nitrate from 48 to 37 mg kg -1 within 3 years (Windsor 1998 is consistent with a state and transition approach to restoration. However, the existence of various degraded perennial states with intermediate soil nitrate concentrations and weed abundances should not be overlooked. While we do not see these states as part of a single successional sequence, restoration may be dependent on incrementally declining concentrations of soil nitrate and exotic abundance, perhaps driven by re-establishment of perennial grasses. This indicates potential for more gradual and successional changes from annual to perennial states, rather than rapid, threshold-dependent changes usually associated with the state and transition approach (Hobbs and Norton 1996) .
The mixed annual-perennial states sampled for this study (e.g. Austrostipa bigeniculata grasslands with a moderate annual weed component) currently appear to be stable and persistent. While persistence of annuals in these states may be because of ongoing disturbance by light or intermittent grazing, there is also evidence that annuals can persist once grazing is removed (Allcock et al. 1999; S. M. Prober, pers. obs.) . This could be explained by a combination of factors, including the following: (1) the annuals in these systems may be able to generate a sufficient autumn nitrate peak to allow their ongoing re-establishment; (2) the annual species predominating in these lower-nitrate systems may be more efficient nitrate users (Table 3) ; and (3) the native perennial species in these systems may be less efficient at nitrogen utilisation than Themeda australis and Poa sieberiana, resulting in higher soil nitrate concentrations and hence higher annual weed abundances. Regarding the latter hypothesis, Wedin and Tilman (1990) showed that different perennial grass species had differing nitrogen efficiencies, with soil nitrate concentrations diverging up to 10-fold, depending on which of five grasses were grown in a standard soil. Table 3 . Two-way table indicating changes in exotic species composition with increasing soil nitrate Sites (columns, with understorey state R = reference, A = Aristida ramosa, D = Austrodanthonia-Austrostipa scabra, B = Bothriochloa macra, S = Austrostipa bigeniculata, E = annual exotics) are ordered from lowest to highest soil nitrate level and species (rows) are ordered according to their weighted average location along this gradient. All exotic species occurring in more than four plots are included. Asterisk denotes perennial species; others are annual or biennial
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Carthamus lanatus Lolium rigidum Cirsium vulgare Avena barbata/fatua Bromus diandrus
Discriminating amongst these possibilities may be important for managing and restoring these systems. While our data indicated that low soil nitrate concentrations are associated with low exotic annual abundance, even the reference sites had some ubiquitous exotic annuals such as the low-biomass grasses Aira elegantissima and Briza minor and nitrogen-fixing legumes. As well, some samples from degraded perennial grassland had lower soil nitrate than some of the reference sites (Table 3 ). It appears that at low soil nitrate concentrations (perhaps maintained by the perennial native grasses), a suite of low-biomass annual exotics may remain competitive once they have entered the system (Morgan 1998).
Available phosphorus
Low concentrations of available phosphorus are a feature of many Australian soils and phosphorus is often proposed as an important determinant of the distribution of plant communities in Australia (Beadle 1966) . Available phosphorus concentrations recorded in our study were generally very low compared with agricultural requirements (Moody and Bolland 1999) . This may reflect our sampling of generally unimproved remnants, but is important because it indicates that robust exotic annuals can obtain dense cover even at relatively low concentrations of available phosphorus (as low as 2 mg kg -1 in the top 10 cm). The similarity in available phosphorus between topsoils supporting annual exotics (the most degraded samples) and reference topsoils supporting Poa sieberiana was unexpected and suggests that soil nitrate rather than available phosphorus was the more limiting nutrient to exotic invasion in our study. McLendon and Redente (1991) similarly found that available nitrogen, not phosphorus, was important in the replacement of annual by perennial species in a semi-arid sagebrush community. However, many Australian studies have reported positive associations between phosphorus and exotic weeds, often with lower or little association with soil nitrate (e.g. Cale and Hobbs 1991; Morgan 1998; O'Dwyer and Attiwill 1999; Yates et al. 2000) . As well, Wijesuriya and Hocking (1999) noted a greater increase in annual grasses in response to added phosphorus than to added nitrogen in Themeda australis grassland in Victoria.
The reasons for these contrasting results are unclear, but could include factors such as contrasting species responses, different sampling scales, effects of initial soil nutrient concentrations, different soil sampling depths and difficulty in detecting nitrate patterns owing to high seasonal fluctuations. For example, it is probably important to distinguish between the more and less nitrogen-efficient exotic annuals (Table 3 ) when describing relative responses to nitrogen and phosphorus addition. With respect to sampling scales, Morgan (1998) found within-site associations between weed abundance and soil phosphorus in a Themeda australis grassland; such fine-scale patterns would not have been detected in our study. Soil phosphorus (7-8 mg kg -1 ) and nitrate (4-7 mg kg -1 ) concentrations recorded in the relatively weed-free centre of Morgan's (1998) study site were equivalent to those at some of the weediest sites in our study, suggesting either that such grassland would be extremely vulnerable to weed invasion, that other factors limited weed abundance, or that such values are not comparable across studies.
In addition, presence or absence of trees was an important factor in interpreting phosphorus patterns in our study (Fig. 2) . For open areas, reference topsoils were significantly lower in available phosphorus (1-3 mg kg -1 ) than topsoils supporting annual exotics (2-9 mg kg -1 ). This result could be interpreted as indicating a causal relationship between weed abundance and available phosphorus, but only if an alternative explanation for low weed abundance at the higher phosphorus concentrations beneath trees can be found. Experimental manipulations of soil nutrients are thus needed to clarify the influences of phosphorus and nitrate on the abundances of different species of exotic annuals. Such experiments would ideally be conducted in little-disturbed woodlands; however, this would endanger the quality of rare little-disturbed remnants of this ecological community and alternative methods are needed.
While soil nitrate appeared more important than available phosphorus in explaining exotic invasion in our study, higher available phosphorus beneath trees may render wooded areas more vulnerable to invasion by competitive exotic annuals than treeless areas once disturbed. This is consistent with field observations of high abundance of robust exotic annuals beneath trees at some otherwise less-weedy sites (Hobbs and Atkins 1991; Prober and Thiele 1995) .
Soil patterns associated with different native perennial grass dominants
Apart from soil nitrate concentrations, the most consistent differences between topsoils of reference sites and topsoils supporting other native perennial grasses were for physical properties (surface compaction and bulk density, Fig. 2) . Aristida ramosa and Austrodanthonia-Austrostipa scabra topsoils from open areas were also chemically less fertile than soils from reference sites, e.g. with lower concentrations of potassium, total carbon, exchangeable cations and pH. It is likely that prolonged grazing in the absence of fertiliser addition and cultivation is an important cause of these differences. Trampling by stock is a direct cause of compaction (Braunack and Walker 1985; Yates et al. 2000; Greenwood and McKenzie 2001) and depletion of organic matter through grazing could lead to lower pH and nutrient concentrations and higher surface compaction (Braunack and Walker 1985; Graetz and Tongway 1986; Yates et al. 2000) . Differences in floristic composition at such sites are often attributed principally to direct effects of grazing (Robinson and Dowling 1976; Lodge and Whalley 1989) and the influence of grazing-induced soil changes is not clear. Topsoils supporting Austrodanthonia-Austrostipa scabra beneath trees were consistently higher in pH and a range of nutrients than most other open sites, suggesting that these properties were not critical in determining the occurrence of Austrodanthonia and Austrostipa scabra. The natural distribution of Aristida ramosa, on the other hand, is on light soils of low fertility (Lodge and Whalley 1989) , thus it could be favoured by soil depletion. Soil compaction could also potentially influence species composition, by limiting seedling emergence and reducing moisture availability (Yates et al. 2000) .
As well as being influenced by management, soil properties may be influenced by the dominant perennial grasses themselves. Other authors have suggested that Bothriochloa macra can become dominant in overgrazed pastures (Moore 1953) , following cultivation, or as a result of topsoil loss (Moore 1957) , range 45-160 mg kg -1 ). Other woodland understorey states, e.g. introduced perennial grasses and improved pastures, are not considered in this model. Low-and high-nitrate weed species are predictions based on Table 3. and subsoils and it is thus surprising that B. macra soils were more fertile than Austrodanthonia-Austrostipa scabra soils. Moore (1957) similarly found that B. macra soils were higher in total nitrogen, pH and organic matter than Austrodanthonia soils and concluded that B. macra itself caused increases in these soil properties through accumulation of organic matter. Bothriochloa macra may thus be a competitive coloniser, with potential for ameliorating soil degradation.
A state and transition model for understorey of grassy white and yellow box woodlands
Whilst we do not yet fully understand the processes governing changes in the understoreys of grassy woodlands, differences in topsoil conditions among understorey states can be incorporated into a refined state and transition model (Fig. 5 ).
In this model, states are represented along generalised gradients of soil fertility (nitrate and other), to indicate both soil changes associated with degradation and the nature and extent of changes that are likely to be necessary during the restoration process. Further study is needed to show which soil properties directly influence floristic composition, to determine the degree to which reverse changes occur naturally after the removal of grazing and, where appropriate, to develop methods for enhancing desired changes. Three perennial grassland states, AustrodanthoniaAustrostipa scabra, Bothriochloa macra and Austrostipa bigeniculata, are not well resolved in this model and indeed, these species often form localised mosaics in the field. In particular, there was little to distinguish topsoils beneath Bothriochloa macra and Austrostipa bigeniculata. Soil properties not measured in this study, such as moisture characteristics or subsoil features, may be of importance here. Of course, the distribution of dominant grasses is influenced by ecological factors other than soil conditions, such as grazing, seed availability and fire history (Lodge and Whalley 1989) and such factors may result in different understorey states despite similar physical environments (Drake 1990; Yates and Hobbs 1997) .
Implications for understorey restoration Nitrate impoverishment
Important restoration goals for grassy woodland understoreys include reducing weed abundance, increasing native-plant species diversity and increasing the abundance of the original dominant grasses. Breaking positive feedback loops between annual exotics and nitrogen cycling holds promise for reducing the abundance of exotic species and possibly enhancing re-establishment of native species. Reduction in soil phosphorus may also be effective in cases where both nitrate and phosphorus are elevated.
Methods for reducing available soil nitrogen are not well established. Short-term reductions have been achieved with varying success by adding carbohydrate (e.g. McLendon and Redente 1992; Jonasson et al. 1996; Zink and Allen 1998; Morghan and Seastedt 1999) , which stimulates soil microbes that compete with plants for soil nitrogen . Removal of soil nutrients through cropping and topsoil stripping (scalping) has also been successful in some circumstances (Marrs 1985; Windsor 1998) . In annual-dominated systems, re-establishment of native perennial species can help sequester nitrate over the longer term through incorporation into their biomass . Native perennial establishment may be assisted by nitrate-reducing measures such as carbohydrate addition , or by transplanting advanced seedlings (Eliason and Allen 1997) . Evaluation of the different native perennial grasses of grassy white and yellow box woodlands to indicate which are most effective at lowering soil nitrate concentrations would be helpful.
The nitrate pool could also be reduced by repeated removal of the standing crop of annual exotics at a time when nitrogen content of above-ground material is high (usually about flowering time, e.g. Jones and Woodmansee 1979) , using techniques such as spring burning, intense crash grazing or mowing and removing slash (Menke 1992) . Well-timed application of such techniques could simultaneously minimise seeding of annuals and when applied repeatedly over a period of years, deplete the seed pool of some species.
Reducing soil nitrate in grassy woodlands may also benefit tree health; for example, nutrient enrichment may be an important trigger for tree dieback (Landsberg et al. 1990) .
Selection of sites, species and techniques for restoration
The data indicated that soil properties varied from reference conditions in both positive and negative directions, depending on the dominant grass species, weed abundance and the presence or absence of trees. These readily observed features of remnants may thus be useful indicators of soil conditions (Fig. 2) and could inform selection of target sites, species and techniques for restoration projects.
Apart from higher concentrations of soil nitrate and higher soil compaction, the measured properties of topsoils beneath two grassland types (Bothriochloa macra and Austrostipa bigeniculata) were not greatly different from reference topsoils from open areas (supporting Themeda australis). Assuming that existing soil states provide an indication of the restoration potential of a site, these grassland types would provide good starting points for understorey restoration, especially for re-establishment of Themeda australis. As well, Bothriochloa macra may be a useful species for establishing at eroded sites, given its apparent superior colonising ability and potential to enhance depleted soils (Moore 1957) .
Generally, lower nutrient concentrations and associated lower exotic abundance are likely to be an advantage in restoration of sites dominated by AustrodanthoniaAustrostipa scabra or Aristida ramosa. Greater compaction and acidity in soils of these remnants may lead to slower rates of re-establishment of the original dominant grasses and other natives, but compaction of topsoils can decline after removal of livestock grazing (Greenwood and McKenzie 2001; Spooner et al. 2002) . As well, carbon amendments to these soils in the form of relatively persistent materials such as straw or sawdust may perform a dual role of replenishing organic matter and temporarily reducing soil available nitrogen.
By contrast, nutrient-rich sites with abundant annual exotics are likely to require more intensive restoration efforts and may be the most appropriate candidates for use of agricultural techniques (e.g. cropping and direct seeding) or topsoil stripping. Re-introduction of Poa sieberiana may initially be more effective than Themeda australis at higher nutrient sites, as this species naturally grows at sites with higher nutrient concentrations.
Remnants with mature trees are likely to be heterogeneous in soil and floristic properties, with areas beneath trees generally more fertile and perhaps more weedy and difficult to restore than open areas. Treatments such as intensive burning, topsoil stripping and cultivation are also more difficult to apply on wooded remnants and, consequently, treeless sites should not be overlooked as candidates for restoration. At such sites, new cohorts of trees might be better established after understorey restoration has adequately progressed.
